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ABSTRACT: Alloying diﬀerent semiconductors is a powerful approach to
tuning the optical and electronic properties of semiconductor materials. In
halide perovskites (ABX3), alloys with diﬀerent anions have been widely
studied, and great band gap tunability in the visible range has been achieved.
However, perovskite alloys with diﬀerent cations at the “B” site are less
understood due to the synthetic challenges. Herein, we ﬁrst have developed
the synthesis of single-crystalline CsPbxSn1−xI3 nanowires (NWs). The
electronic band gaps of CsPbxSn1−xI3 NWs can be tuned from 1.3 to 1.78 eV
by varying the Pb/Sn ratio, which leads to the tunable photoluminescence
(PL) in the near-infrared range. More importantly, we found that the
electrical conductivity increases as more Sn2+ is alloyed with Pb2+, possibly
due to the increase of charge carrier concentration when more Sn2+ is
introduced. The wide tunability of the optical and electronic properties
makes CsPbxSn1−xI3 alloy NWs promising candidates for future optoelec-
tronic device applications.
KEYWORDS: Semiconductor alloy, tunability, halide perovskite, nanowires
Semiconductor alloys have been widely used in numeroustechnologies, such as solar cells,1−5 laser diodes,5,6 and
heterojunction bipolar transistors.7 The band gap engineering
of semiconductor alloys can be used to reach desired optical
and electrical properties.3,8,9 For instance, the graded-gap
semiconductor alloy, such as Cu(In1−xGax)Se2, has signiﬁcantly
improved the absorption of light and thus the power
conversion eﬃciency (PCE) for photovoltaic application.1,2 In
addition, heterojunction bipolar transistors utilize alloy base
layers to enhance the emitter injection eﬃciency, thus
contributing to fast transistors.10 Therefore, investigation of
semiconductor alloys’ structural, optical, and electrical proper-
ties is essential to pave the way for further application in
optoelectronic devices.
Halide perovskites, an emerging class of semiconductor
materials, have attracted much more attention in recent years
due to their breakthrough performance as photovoltaic
materials.11−15 They have also been demonstrated as promising
candidates for other optoelectronic applications, such as light-
emitting diodes,16 lasers,17−19 and photodetectors.20,21 In the
push to further improve PCE of solar cells, it is essential to ﬁnd
an ideal light harvester with a band gap between 1.15 and 1.4
eV that can absorb all visible as well as some of the near-
infrared light of the solar spectrum, thus reaching an ideal PCE
according to the Shockley−Queisser limit. Alloying diﬀerent
semiconductors oﬀers a good approach to tuning the band gap.
By synthesizing tin−lead alloy perovskite materials, the band
gap can be decreased to as low as 1.2 eV,4 which paves the way
toward high-eﬃciency perovskite−perovskite tandem photo-
voltaics. However, most of the previous studies about mixed
cation perovskite alloy materials were based on polycrystalline
perovskite ﬁlms deposited on the substrates using deposition of
a mixture of diﬀerent AX and BX2 (A = Cs, MA, or FA; B = Pb
or Sn; X = Cl, Br, or I) solutions.22 The uncontrolled
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crystallization, precipitation, or evaporation produces morpho-
logical variations and grain boundaries that may hinder the
understanding of the intrinsic properties for mixed cation alloy
materials.
Among the halide perovskites, cesium lead iodide (CsPbI3)
features a suitable band gap (1.78 eV), nanoscale stability, and
long charge carrier lifetime for photovoltaic application.23
CsSnI3 has also been used as an eﬀective hole transport
material to replace the unstable organic liquid electrolytes in
Figure 1. Synthesis and composition characterizations of as-synthesized yellow phase CsPbxSn1−xI3 nanowires. (a) Scanning electron microscopy
(SEM) image of CsPbxSn1−xI3 (x = 0.30) nanowire mesh grown on glass substrate. (b) Transmission electron microscopy (TEM) image of a single
CsPbxSn1−xI3 (x = 0.30) nanowire. (c) EDS mapping of CsPbxSn1−xI3 (x = 0.30) nanowires showing individual maps from the Cs L-edge, Pb L-edge,
Sn L-edge, and I L-edge. (d, e) Line scan along and across the CsPb1−xSnxI3 (x = 0.30) nanowire, showing uniform elemental distribution. (f)
Relation of the NWs’ composition as the concentration of Sn precursor.
Figure 2. Structural characterization of both yellow and black phase CsPbxSn1−xI3. (a) XRD patterns of as-synthesized yellow phase CsPbxSn1−xI3
NWs as well as (c) converted black phase CsPbxSn1−xI3 NWs. (b) Plots of phase transition temperature as a function of the Pb content. The images
of yellow and black phase CsPbxSn1−xI3 (x = 0.30) NW mesh and structures are inset. (d) SAED patterns of an individual yellow (left) and black
(right) phase CsPbxSn1−xI3 (x = 0.30) nanowire. TEM image of the same nanowire is shown in inset.
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solid-state dye-sensitized solar cells, and can enhance visible
light absorption in the near-infrared region with a band gap of
1.3 eV.24−26 Although both the CsPbI3 and CsSnI3 have quite
similar composition and crystal structure, their optical and
electrical properties are quite diﬀerent.26,27 These interesting
properties intrigue us to synthesize the CsPbxSn1−xI3 nanowires
(NWs) with precisely controlled physical properties for further
nanoelectronics applications.
Here, we report the ﬁrst synthesis of CsPbxSn1−xI3 NWs and
systematically study the composition and structure of these
alloy nanomaterials, as well as their optical, electrical, and phase
transition properties. Both CsPbI3 and CsSnI3 have four
diﬀerent polymorphs (yellow, black-α, black-β, and black-γ),
among which yellow phase (Y) with a double chain structure is
the thermodynamically stable phase at room temperature, and
black orthorhombic phase (B-γ) with a distorted perovskite
structure has been widely explored which shows excellent
optical properties.25,27 Similar to CsPbI3 and CsSnI3, Y and B-γ
phases of CsPbxSn1−xI3 show dramatic diﬀerence in both
optical and electrical properties. Y phase CsPbxSn1−xI3 NWs are
indirect band gap semiconductors with weak photolumines-
cence, while B-γ phase CsPbxSn1−xI3 NWs behave as direct
band gap semiconductors with PL tunability in the near-IR
range (λ = 700−950 nm). In addition, both Y and B-γ phases
CsPbxSn1−xI3 exhibit electrical conductivity tunability as the
composition changes.
We developed a two-step method to synthesize the Y phase
CsPbxSn1−xI3 NWs at room temperature. Generally, PbI2 thin
ﬁlm was made by spin coating the PbI2 (in DMF) on a glass
substrate, which was then immersed in a solution of CsI and
SnI2 for 12 h. A Y phase CsPbxSn1−xI3 NW mesh was formed
due to the anisotropic structure (Figure 1a). The transmission
electron microscopy (TEM) image shows that the NW has
well-deﬁned morphology (Figure 1b). Generally, the diameter
of the nanowires ranges from 100 to 500 nm, and the length is
5−50 μm from our SEM and TEM measurement. Energy-
dispersive X-ray spectroscopy (EDS) mapping clearly shows
the homogeneous distribution of Cs, Pb, Sn, and I in the NWs
on the 100 nm scale (Figure 1c). To investigate the distribution
of Pb and Sn in the NWs at a smaller scale, line scans along
(Figure 1d) and across (Figure 1e) the NW were taken, which
demonstrate the homogeneous distribution at the 10 nm scale.
The line scan quantiﬁcations show the composition of the NW
along the line (Figure S2). EDS quantiﬁcation on diﬀerent
areas within a NW also further proved the homogeneous
distribution of Pb and Sn (Figure S3). By varying the
concentration of SnI2 in the precursor solution, the
composition of Pb (X), can be tuned from 0.07 to 0.94
(Figure 1f).
The crystal structure of CsPbxSn1−xI3 NWs was studied by X-
ray diﬀraction (XRD) and selected area electron diﬀraction
(SAED). The XRD patterns of the as-synthesized Y phase
CsPbxSn1−xI3 NWs (Figure 2a) were assigned to the non-
perovskite orthorhombic phase CsPbxSn1−xI3, which is similar
to the nonperovskite orthorhombic phase of CsPbI3 with edge-
shared PbI6 octahedra in a double chain structure. No patterns
from the starting materials PbI2, SnI2, or CsI were observed in
XRD measurement. The lattice constants of Y phase CsPbI3
and CsSnI3 are quite close, which results in the similarity of
XRD patterns. Therefore, the peak shifts caused by the lattice
constant change as the composition varies are not obvious for Y
phase CsPbxSn1−xI3 NWs, but we can still observe the gradual
shift in the (002), (013), and (105) peaks after inspecting the
magniﬁed patterns.
The Y and black phases of CsPbxSn1−xI3 NWs can be
interconverted. At room temperature, the as-synthesized
CsPbxSn1−xI3 NWs were Y phase, and temperature was
increased to initiate the phase change to black phase. By
heating the Y phase CsPbxSn1−xI3 NWs up to the phase
transition temperature in the glovebox and quenching them
quickly to room temperature, B-γ phase CsPbxSn1−xI3 NWs
were obtained (Figure 2b inset). We found that the phase
transition temperature is related to the speciﬁc composition of
the NWs. The phase transition temperature increases as the Pb
concentration increases in NWs, and it can be tuned from 152
to 320 °C (Figure 2b). The phase transition temperature for
the x = 0.30 composition was conﬁrmed by diﬀerential
scanning calorimetry (DSC) (Figure S4). The peak at 200
°C corresponds to the yellow phase to black phase transition,
which conﬁrms our measurement from an infrared thermom-
eter (199 °C).
Due to the air instability of the B-γ phase CsPbxSn1−xI3 NWs,
we coated the NWs with UV curing epoxy to protect them
during the XRD measurement. The broad background results
from the UV curing epoxy. From the XRD result of the black
phase CsPbxSn1−xI3 NWs (Figure 2c), it is clear that there are
no peaks corresponding to the Y phase CsPbxSn1−xI3 NWs, or
the peaks from CsI, PbI2, or SnI2, which demonstrates the
successful phase transition without the observable decom-
position. Their XRD patterns can be assigned to the black
orthorhombic perovskite (B-γ) phase, which is the tilted
perovskite structure. The split peaks at about 14°, 20°, and 28°
and the smaller peaks between 20° and 28° are the important
indicators for this phase. The structures of both Y (Figure 2d
left) and B-γ (Figure 2d right) phase CsPbxSn1−xI3 NWs were
further conﬁrmed by SAED, which also indicates the single-
crystalline NWs. More SAED patterns from diﬀerent zone axes
are shown in the Supporting Information (Figure S5).
Representative high-resolution TEM images of as-grown
CsPbxSn1−xI3 NWs further indicate single-crystalline structure
(Figure S6).
The Y phase CsPbxSn1−xI3 NWs are indirect band gap
semiconductors. The band gaps calculated from absorption
spectra were ﬁt to a binomial relation dependent on the
composition of Pb (Figure S7a), showing a bowing eﬀect with
bowing parameters of 0.35 eV. Similar bowing is known for
halide alloy perovskite,28 as well as other semiconductor alloys,
such as zinc chalcogenide or group-III nitride alloys.29 Due to
the sensitivity of Sn2+ in air condition, all the PL measurements
were carried out in an argon-ﬁlled air-free cell. The PL
spectrum of the Y phase CsPbI3 NWs shows two broad
emission peaks centered at about 450 and 530 nm which are
attributed to excitonic emission and exciton self-trapping,
respectively,30 while the Y phase CsSnI3 only reveals a broad
emission peak at 700 nm, and no band edge emission was
observed from our measurement. Interestingly, all Y phase
CsPbxSn1−xI3 NWs show broad emission around 700 nm,
which may be attributed to exciton self-trapping similar to the
broad emission from CsPbI3 at around 530 nm (Figure S7b). It
is likely that the incorporation of Sn leads to some trap states
below the conduction band minimum, resulting in the emission
at 700 nm. The B-γ phase CsPbxSn1−xI3 NWs are direct band
gap semiconductors. Calculated band gaps from Tauc plots
(Figure S8) which are derived from the absorption spectrum
(Figure S9) demonstrate the band gap tunability from 1.3 to
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1.78 eV, which also show band bowing with a bowing factor of
0.57 eV (Figure 3a). The PL emission red shifts from 700 to
950 nm as the Sn contents increase in the NWs, which indicates
the PL emission tunability in the near-infrared region (Figure
3b).
To measure the electrical conductivity of the CsPbxSn1−xI3
NW, a single Y phase CsPbxSn1−xI3 NW and B-γ phase
CsPbxSn1−xI3 NW were transferred onto prepatterned Au
bottom electrodes using a micromanipulator. To make better
contacts between the electrodes and NWs, we used electron
beam induced deposition (EBID) to deposit Pt at the NW/
electrode interface (Figure 4a). Based on previous reports, Y
phase CsSnI3 is semiconducting with conductivity around 4 ×
10−3 S/cm, while Y phase CsPbI3 is almost insulating.
27,31 For
Y phase CsPbxSn1−xI3 NWs, the conductivity can be tuned with
the higher percentage of Sn in the NW leading to it becoming
more conductive (Figure 4b). Speciﬁcally, for the NWs with
69%, 41%, and 13% Pb, their conductivities are 8.69 × 10−6,
8.71 × 10−5, and 3.76 × 10−3 S/cm, respectively. For B-γ phase,
the conductivity of CsSnI3 shows metallic behavior such that
the conductivity goes down when temperature is increased,
while the conductivity of CsPbI3 is still quite low, so a trend
similar to the Y phase manifests. By alloying lead and tin
together, the electrical conductivity can be tuned between the
two extremes. The conductivities for the three corresponding
B-γ phase alloy compositions are 4.13 × 10−2, 1.11 × 10−1, and
3.94 S/cm, respectively (Figure 4c). It is likely that the
conductivity tunability originates from the charge carrier
concentration change. It is reported that the main charge
carriers, holes in B-γ CsSnI3, result from the Sn vacancy.
25
Therefore, in this Pb−Sn alloy materials system, as the Sn
percentage goes up, the number of Sn vacancies in unit volume
also increases, which leads to a higher charge carrier
concentration and an increase in the conductivity. Generally,
B-γ phase CsPbxSn1−xI3 NWs are more conductive than Y
phase CsPbxSn1−xI3 NWs. For the same composition, B-γ phase
CsPbxSn1−xI3 NWs are 3−4 orders of magnitude more
conductive than their Y phase counterparts. To understand
the electron−hole character of CsPbxSn1−xI3 NWs, we also used
suspended microisland devices to measure the Seebeck
coeﬃcient of individual B-γ phase CsPbxSn1−xI3 NWs (Figure
S10), and the positive sign of the Seebeck coeﬃcient indicates
that they are hole-dominant semiconductors, similar to B-γ
phase CsSnI3.
In summary, we have successfully synthesized CsPbxSn1−xI3
NWs, systematically studied the composition and structure of
single-crystalline CsPbxSn1−xI3 NWs, and explored their phase
transition, optical, and electrical properties. The band gap of
the alloy NWs can be tuned from 1.78 to 1.3 eV, making them
potential materials for perovskite tandem photovoltaics as well
as near-infrared optical devices. The controlled electrical
conductivity paves the way for further exploration for transport
and thermoelectric applications in halide perovskites.
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Figure 3. Optical properties of black phase CsPbxSn1−xI3 nanowires. (a) Calculated band gaps of black phase CsPbxSn1−xI3 NWs from their
absorption spectrum (Figure S9a), and red line is the binomial ﬁtting. (b) Normalized PL spectrum of black phase CsPbxSn1−xI3 nanowires.
Figure 4. (a) SEM image showing a single NW on the Au electrode after EBID. Conductivity measurement for a yellow (b) and black (c) phase
CsPbxSn1−xI3 NW with three diﬀerent compositions (x = 0.69, 0.41, and 0.13). Insets show the corresponding IV curve. Conductivity data for yellow
and black CsSnI3 comes from refs 24 and 29, respectively.
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